ABSTRACT: Previous research has demonstrated that rats reared in isolation from their dam and littermates show altered behavioral responsiveness to both natural and drug-mediated rewards. This study examined the effects of complete maternal deprivation through the use of artificial rearing on neural activation after acute morphine exposure in adulthood. Male rats were either artificially reared (AR) or maternally reared (MR) from postnatal day 5 to 21. In adulthood (4 mo old), rats received a single injection of morphine sulfate (10 mg/kg) or equivolume saline 2 h before perfusion and brain extraction. Neural activation was quantified using Fos immunohistochemistry. Analyses of several brain regions revealed a consistent pattern of differences between AR and MR rats. Specifically, relative to MR rats, AR rats showed significantly greater morphine-induced Fosimmunoreactivity in brain regions associated with the mesocorticolimbic "reward" pathway. These results support the hypothesis that functional activity in reward neurocircuitry can be altered by early life experience. (Pediatr Res 67: 263-267, 2010)
There is a growing body of evidence to suggest that adverse experiences during early human development may play an integral role in future susceptibility to the abuse of drugs (1) (2) (3) . There are, however, inherent complexities associated with establishing causal relationships between environmental factors and behavioral outcomes in humans. For example, retrospective self-reports used to examine relations between childhood abuse and subsequent psychiatric problems are subject to limitations such as fallibility of memory and social desirability bias, which can lead to inaccurate reporting of childhood abuse (4, 5) . Thus, animal models have become invaluable in the investigation of the role of early life experiences in the development of abnormal behavior and their impact on the neurobiological systems underlying those behaviors.
Early environmental manipulations in rats commonly involve separation of the pups from the dam during the perinatal period. When these separations are brief (several minutes per day), it is referred to as early handling, and the effects on the handled, compared with nonhandled pups, are generally seen as beneficial (for review, see Ref. 6 ). On the other hand, the maternal separation (MS) paradigm, which involves the removal of pups from dams for an extended period of time (1-24 h ), either during a single separation episode or for multiple days after birth until weaning, has been associated with effects that may be considered deleterious (7, 8) . Some, but not all, researchers have found that as adults MS rats generally exhibit enhanced anxiety and fearfulness, exaggerated hypothalamic-pituitary-adrenal (HPA) axis activity and behavioral responses to stressors (9) , as well as elevated locomotor activity in novel environments (10 -12) . These factors are all predictive of a heightened propensity for drug self-administration (13) . Indeed, there is some evidence that such early life manipulations increase vulnerability to the acquisition of cocaine, morphine, and alcohol self-administration in adulthood (reviewed in Ref. 14) . Discrepant findings likely reflect methodological differences across laboratories related to the implementation of the separation procedure, including the length of MS per day, number of MS days, and presence or absence of littermates during MS periods (6) .
Artificial rearing (AR) involves rearing rodent pups in the complete absence of contact with their mother and littermates (15, 16) during most of the perinatal period. By allowing direct control of many of the variables associated with the maternal environment, it provides another model to study the role of early life experience in behavioral development. Previous work in our laboratory suggested differences in HPA axis function between preweaning male AR and maternally reared (MR) rats (17) . In addition, male AR rats displayed a greater response to both natural and drug-mediated rewards than male MR rats (18) . Specifically, in the sucrose preference test, adolescent AR rats showed increased preference for sucrose relative to chow compared with MR rats. They were also more active during a 15-min period in a novel open field. Interestingly, previous research has shown a relation between both sucrose preference (19) and novel exploration (20) as well as responsiveness to drugs of abuse. Moreover, as adults, these male AR rats exhibited a stronger morphine-induced place preference (18) . In light of evidence that the opioid system plays a role in maternal reward, and affects social bonding between mom and offspring (21, 22) , these findings suggest there may also be differences in the neurocircuitry underlying the reward response of AR and MR rats.
This study aimed to extend these behavioral findings by examining the effects of acute morphine administration on c-fos expression. The identification of Fos, the protein product of the immediate early gene c-fos, in neurons has become a common means of quantifying regional neuronal activity (23) . Basal c-fos expression is low in most neurons (24) ; however, levels can be rapidly increased by a range of stimuli. An increase in c-fos expression has been found in the rat brain after the administration of cocaine, amphetamine, 3,4-methylenedioxymethamphetamine (MDMA), delta-9-tetrahydrocannabinol (THC), and morphine (25) . These drugs produce characteristic patterns of c-fos expression indicating distinct distributions of drug-induced neuronal activation (25, 26) . For example, earlier studies have reported that acute administration of 10 mg/kg morphine sulfate induces c-fos expression in the ventral tegmental area (VTA), nucleus accumbens (NAc), striatum, amygdala, prefrontal cortex (PFC), cingulate cortex, and thalamus (27, 28) ; all brain areas that have been associated with the mesocorticolimbic (dopamine) reward pathway (29) . Based on our previous findings that male AR rats exhibit stronger behavioral responses to morphine (10 mg/kg), we hypothesized that they would also differ from MR rats in strength of neuronal activation in these brain structures as a consequence of drug exposure.
MATERIALS AND METHODS

Animals.
A total of 32 adult male Sprague-Dawley rats (400 -450 g) were used in this study. They were a subset of the pups derived from 16 primiparous rat dams obtained from Harlan Laboratories. On arrival, the pregnant dams were housed individually in clear Plexiglas cages (43 ϫ 21 ϫ 22 cm) lined with wood chip bedding ("Sani-Chips," Harlan Teklad). They were maintained under a reversed 12:12-h illumination cycle (lights on 1900 h), at a room temperature of 20 -22°C, and received ad lib access to lab chow (Harlan Teklad) and water, as were their offspring unless stated otherwise. All procedures used in this study were approved by the University of Waterloo Animal Care Committee in accordance with the guidelines of the Canadian Council on Animal Care.
Rearing. On postnatal day (PND) 5, two to six male pups from each of the 16 litters were randomly assigned to one of two conditions: AR or MR. A detailed description of the AR procedure can be found in the study of Lomanowska et al. (18) . Briefly, each pup in the AR condition was implanted with a cheek cannula under inhalation anesthesia (4% isoflurane). The surgery was completed within 60 s and pups recovered from the anesthetic within 3 min. Alternatively, pups in the MR condition were reared by one of six foster dams in a litter of 12 foster pups (four experimental MR males, six crossfostered males, and two cross-fostered females), resulting initially in 24 pups in the MR condition. To identify experimental males in the MR litters, food coloring was applied daily until fur developed, then 1% picric acid was used to permanently stain the fur. It should be noted, there were no MR-sham operated control pups because there is consistent evidence to suggest that the surgical procedure of cannula implantation does not produce behavioral or molecular differences among MR rats that have undergone surgery compared with those that have not (30 -33) . All rats were weighed daily from PND 5-21. At ϳ5 months of age, 32 of these rats were randomly selected for use in the present experiment.
Artificial rearing. AR pups were individually housed in plastic cups (11 cm diameter, 20 cm depth), lined with corn-cob bedding, floating in a water bath warmed to 36 Ϯ 1°C. The cheek cannula was connected via PE-tubing to syringes filled with rat milk substitute (RMS) formula, nutritionally comparable to rat's milk (34) . The syringes were mounted to infusion pumps (Model no. 55-4143, Harvard Apparatus, South Natick, MA) programmed to deliver RMS for 10 min every 1h.
AR pups were handled twice daily to provide anogenital stimulation (30 -45 s using a wet paintbrush) for urination and defecation and to flush the cannula with distilled water. The pups were weighed and the syringes filled with RMS daily. This routine continued until the night of PND 17 when the cannulae were removed, and the pups were individually housed in small cages. The pups were supplied with a water bottle, dry food pellets, and wet mash (ground lab chow mixed with water). The wet mash was changed twice daily until PND 21 when only dry food pellets were provided. Daily weighing of AR rats continued until PND 21. The pattern of perinatal body weights of AR and MR rats were similar to those previously reported (18) .
Weaning, housing, and testing. On PND 21, all rats were weaned and group housed with rats of the same rearing condition in groups of four. The rats were housed in Plexiglas cages (43 ϫ 21 ϫ 22 cm) lined with woodchip bedding. After PND 21, the rats were handled once a week for the purposes of weighing and cage changing. All rats were treated in the exact same manner from weaning up until their involvement in the present experiment.
Drugs. A 10 mg/mL solution of morphine sulfate was obtained from Sabex (Boucherville, QC, Canada) and administered intraperitoneally at a dose of 10 mg/kg in a volume of 1 mL/kg. Equivolume physiologic saline (0.9%) was administered intraperitoneally to control rats.
Treatment. Rats in each rearing condition were assigned randomly to one of two treatment groups: morphine or saline, producing four rearing-treatment groups: AR-morphine (AR-M), AR-saline (AR-S), MR-morphine (MR-M), and MR-saline (MR-S), each consisting of eight rats per group. There were a maximum of two rats per litter represented in each treatment condition.
The rats were weighed and administered a single injection of morphine or saline in a procedure room to which they had previously been acclimatized and then returned to their home cages in their home room. The rats were killed 2 h after injection.
Immunohistochemistry. The rats were deeply anesthetized with 120 mg/kg sodium pentobarbital (intraperitoneally) and perfused transcardially with 150 mL 0.9% saline followed by 150 mL 4% paraformaldehyde (in 0.1M PBS, pH ϭ 7.2). The brains were extracted and stored in 4% paraformaldehyde at 4°C for 4 -6 h, then transferred to 30% sucrose in phosphate buffer (PB, pH ϭ 7.2) solution at 4°C for 24 -48 h. After the incubation period, the brains were frozen and sectioned coronally at 40 m with a cryostat (Model CM3050S; Leica Microsystems, Germany) and collected in polyglycerine solution for safe storage of tissue for future processing.
Free-floating sections were given three consecutive 30-min washes in 0.1M PBS (pH ϭ 7.2), followed by a 30-min wash in 0.9% hydrogen peroxide, and a 30-min wash in 3% normal goat serum in PBS. Sections were then incubated for 72 h at 4°C in the primary c-Fos antibody (sc-52, Santa Cruz Biotechnology, Santa Cruz, CA; rabbit polyclonal IgG, noncrossreactive with FosB, Fra-1, or Fra-2) diluted 1:1000 in phosphate-buffered goat serum (PBGS: 0.1% BSA, 0.2% Triton x-100, 2% normal goat serum). After the 72-h incubation period, the sections were given three 10-min washes in PBS and incubated for 60 min in biotinylated goat anti-rabbit IgG (sc-2040, Santa Cruz Biotechnology) diluted 1:500 in PBGS. They were then washed thrice (10 min each) in PBS, and subsequently incubated for 60 min in ExtrAvidin-peroxidase (E2886, Sigma Chemical Co.-Aldrich) diluted 1:1000 in PBGS. After three 30-min washes in PBS, sections were placed in 0.05% diaminobenzidine (DAB) solution containing 0.015% hydrogen peroxide and PBS to visualize the horseradish peroxidase activity. The reaction was terminated 10 min later by washing the sections with PBS. Sections were mounted onto gelatin-coated slides, and 24 h later dehydrated, cleared and cover-slipped.
Fos immunoreactive (Fos-IR) cells were assessed in both hemispheres (where applicable) of 19 brain regions using light microscopy (Leica DMR/HC microscope) at 200ϫ magnification. The criteria used to identify the nuclei of Fos-IR cells were i) round or oval shaped and ii) dark brown in color. The choice of brain regions was based on previous studies in motherreared rats treated with morphine (27, 32) . A rat brain atlas (35) was used to identify the brain regions of interest. The names of the 19 regions, their abbreviations, and location relative to bregma are listed in Table 1 . A 10 ϫ 10 square graticule was positioned over each structure, and the number of labeled cells within the graticule, which covered a 250 ϫ 250 m area, was counted manually by an observer blind to the rearing and drug treatment conditions. If there was damage to a brain region, such as tears and/or holes, the region was not counted.
Images of Fos-IR cells were captured using a Leica DC300 camera attached to the Leica DMR microscope. Figure 2 displays photomicrographs of representative Fos-IR cells in the central nucleus of the amygdala (CeA) of both morphine-and saline-treated MR and AR rats.
Data analysis. The body weights of MR and AR pups from PND 5-21 were analyzed using a mixed-design ANOVA with the between-groups factor rearing (MR and AR) and the within-subjects factor day (body weight), followed by independent t tests for each day. The body weights of the rats were also analyzed on the treatment day by independent t test. Initial paired sample t tests for the hemispheres of each of the 19 brain regions revealed no hemispheric differences in Fos-IR cells (p Ͼ 0.05), consequently, the mean of the two hemispheres was computed for each brain region (where applicable) such that a single score for each brain region of each rat was used for statistical analyses. A two-by-two ANOVA with between-groups factors of rearing condition (MR and AR) and drug treatment (morphine and saline) were conducted on each brain region separately. When interactions were found, further simple effects analyses were conducted. All statistical analyses were conducted using SPSS 16 for Mac OS X, and the significance level for all tests was set at p Ͻ 0.05.
RESULTS
A repeated measures ANOVA of body weights from PND 5-21 revealed a significant day by rearing interaction, F (16, 480) ϭ 20.71, p Ͻ 0.001. As shown in Figure 1 , the differences between the groups were small and not consistent over time: initially, MR and AR pups were of similar weight, and then AR rats weighed slightly less than MR rats from PND 6 -15, where after the trend reversed, with AR rats weighing more. This continued until PND 18, when the change of diet in AR rats from RMS to chow slightly reduced their rate of weight gain such that by PND 21 they again weighed less than MR rats, t (30) ϭ 4.725, p Ͻ 0.028. As shown in Figure 1 (inset), MR and AR rats did not differ in body weight on the treatment day, t (30) ϭ 0.26, p ϭ 0.86. The corrected number of Fos-IR cells (covering a 1 ϫ 1 mm area) for the brain regions examined is presented in Table 1 .
Two-way ANOVAs revealed that there was no significant main effect of rearing condition in any of these regions. There was, however, a significant main effect of drug treatment in five of the 19 Conversely, looking at differences between drug and saline treatments within a rearing condition revealed that morphinetreated AR rats showed greater c-fos expression compared with saline-treated AR rats in all eight regions. In contrast, morphine-treated MR rats differed from saline-treated rats only in the NAc (core), NAc (shell), CPu (medial), CPu (dorsolateral), and CeA.
DISCUSSION
The purpose of this study was to investigate the effects of acute morphine administration on c-fos expression in AR and MR male rats. As hypothesized, rats raised in the absence of mothers and littermates showed altered Fos-immunoreactivity after acute morphine exposure in many of those brain areas closely associated with the mesocorticolimbic (dopamine) system, compared with MR conspecifics. Specifically, morphine-treated AR rats expressed more Fos-IR cells than morphine-treated MR rats in the PFC (prl), NAc (core), NAc (shell), CPu (medial), CPu (dorsal), CPu (dorsolateral), cingulate cortex, and CeA. In saline-treated rats however, with the exception of the cingulate cortex, there were no differences in Fos-immunoreactivity in any of the other brain regions examined, regardless of rearing condition. There is one possible concern in relation to these findings, that is, results of a study that includes separate analyses on multiple brain regions might be at risk of an inflated alpha-level, leading to falsepositive findings. We do not believe that this is a problem in this study because i) the hypothesis predicted that we would see rearing by drug interactions in the regions that we did, and ii) the majority of these effects were significant at an alpha level of 0.01 or less.
The results also revealed that acute morphine administration to AR rats induced Fos-IR in 13 of the 19 brain regions studied. However, in the MR rats these differences were significant in only 10 regions. It is noteworthy that it is not possible to know if AR altered the total number of neurons in brain regions where significant effects were observed, or if AR altered the ratio of Fos-positive to Fos-negative cells. Nevertheless, results are for the most part, consistent with previous findings with respect to the effect of acute morphine (10 mg/kg) exposure on Fos immunoreactivity, although there are some discrepancies. For example, this study revealed enhanced c-fos expression in both the NAc (core) and the NAc (shell) of rats treated with morphine compared with rats treated with saline, a finding also reported by Harlan and Garcia (25) . However, Singh et al. (28) found only differential activation in the NAc (shell), not the NAc (core). Also, unlike Garcia et al. (27) and Singh et al. (28) , the present results did not reveal morphine-induced Fos-immunoreactivity in the paraventricular nucleus of the thalamus. These discrepancies may be the result of methodological differences such as route of morphine administration or perinatal handling.
This study revealed that, compared with MR rats, AR rats that received acute morphine exposure expressed more Fos-IR cells in brain areas that have been implicated in drug addiction (29) . These findings are intriguing because they provide support, at a molecular level, for the hypothesis that differential rearing conditions can influence the brain's response to drugs of abuse. Moreover, these findings complement those reported previously in our laboratory (18) , where it was found that adult AR rats showed a stronger morphine-induced place preference relative to MR rats. There are other reports in the literature indicating that AR rats demonstrate abnormal behaviors related to dopamine function. For example, Lovic and Fleming (32) reported that AR rats exhibited reduced prepulse inhibition of a startle response, and elevations in locomotor activity and impulsive behavior. In a more recent study, Lovic et al. (33) found that AR rats showed increased sensitivity to amphetamine, as demonstrated by enhanced amphetamineinduced locomotor activity compared with MR rats; interestingly this was reversed by additional tactile "stroking" stimulation (33) .
It has been argued that the brain growth of a rat in the first 2 weeks after birth is equivalent to that of a human infant during the third trimester (36) . The contribution to be made by the AR model, therefore, is that it can be used to "deconstruct" the maternal environment to understand how variability in the rearing environment during this period of rapid brain growth might have an impact on subsequent brain function. In relation to this findings, it is important to emphasize that there are many factors that differ between the rearing environments of AR and MR rats, including the feeding of artificial rat milk and isolation from the many sources of stimulation provided by both dam and littermates. Thus, these findings should be viewed as preliminary, as it is not possible to identify precisely the individual factor(s) that contributed to the observed outcome. One important consideration in this regard is that of the inclusion of a "normal baseline" control group (6) . Because the MR group, like the AR, was derived from dams shipped from the supplier during pregnancy, it serves as a control for prenatal experience. Furthermore, the daily weighing of MR pups is necessary for comparison of growth rate with that of AR pups. For these reasons, the MR group cannot be considered a nonmanipulated control group. Thus, an animal facility reared group, which receives minimal handling during the perinatal period, would be useful as an additional control group in future studies. Another important consideration is that recent studies have shown that there are sex differences in mu-opioid receptor expression in the rat brain (37) . In fact, males are more sensitive to opiates such as morphine compared with females (38) . Hence, a future study may include females AR rats to determine whether the rearing effects observed in this study would be similar across sexes.
In summary, this study revealed that drug-induced c-fos expression in brain regions associated with the dopamine reward pathway is affected differentially by early life experience. Adult rats reared in the absence of a mother and littermates exhibited greater neural activation in brain regions associated with the mesocorticolimbic system than motherreared rats. Further research using this model may help to elucidate how environmental risk factors such as complete maternal deprivation can affect the neurochemistry of the brain in such a way that it predisposes an individual to drug addiction.
